As the world's largest developing country, China undergoes the ever-increasing 19 demand for electricity during the past few decades. In 1996, China launched the Green Lights 20 Program (GLP), which becomes a national energy conservation activity for saving lighting 21 electricity, as well as an effective reduction of the coal consumption for power generation. case of emission reduction, the PM 2.5 concentration decreases by 2-5 µg m -3 in large areas of 36 the NCP. In the upper limit case of emission reduction, there was much more remarkable 37 decrease in PM 2.5 concentration (4-10 µg m -3 ). This study is a good example to illustrate that 38 scientific innovation can induce important benefits on environment issues, such as haze 39 pollution. 40 41
Despite of the great success of the GLP, its effects on haze pollution have not been 23 investigated and well understood. This study focused to assess the potential coal-saving 24 induced by the GLP and to estimate the consequent improvements of the haze pollutions in the 25
North China Plain (NCP), because severe haze pollutions often occur in the NCP and a large 26 amount of power plants locate in this region. The estimated potential coal-saving induced by 27 the GLP can reach a massive value of 120-323 million tons, accounting for 6.7-18.0% of the 28 total coal consumption for thermal power generation in China. In December 2015, there was a 29 massive potential emission reduction of air pollutants from thermal power generation in the 30 NCP, which was estimated to be 20.0-53.8 Gg for NOx and 6.9-18.7 Gg for SO 2 . The 31 potential emission reductions induced by the GLP played important roles in the haze formation, 32 because the NOx and SO 2 are important precursors for the formation of particles. To assess the 33 impact of the GLP on haze pollution, sensitive studies were conducted by applying a regional 34 chemical/dynamical model (WRF-CHEM). The model results suggest that in the lower limit 35 case of emission reduction, the PM 2.5 concentration decreases by 2-5 µg m -3 in large areas of 36
Introduction

43
As the world's largest developing country, China undergoes the ever-increasing demand for 44 electricity during the past few decades. Artificial lighting is an important part of China's 45 energy consumption, accounting for a quite stable share of about 10-14% of the total 46 electricity consumption (Lv and Lv, 2012; Zheng et al., 2016) . Also, the lighting demand in 47
China is predicted to increase continuously, with a projected average annual growth rate of 4.3% 48 from 2002 to 2020 (Liu, 2009 ). With principal objective of alleviating shortage of electricity, 49
China has launched the Green Lights Program (GLP) in 1996, with the core of aiming at 50 replacing low-efficiency lighting lamps by high-efficiency ones. Since then, the GLP has 51 become a national energy conservation activity for saving lighting electricity, and has been 52 highlighted continuously in the nation's 9 th -12 th Five-Year Plan (1996-2015) (Lin, 1999) . 53
With the object of providing high-quality efficient lighting products, the GLP is undoubtedly a 54 useful electricity-saving measurement. Nonetheless, driven by the accelerated economic 55 increase, the thermal power electricity has experienced an ever-increasing trend in the past 56 decades, as well as the associated coal consumption for thermal power generation. Thermal 57 power generation is the primary electricity source in China, contributing to about 72-78% out 58 of the total electricity (NBS, 2000 (NBS, -2016 . In 2015, the coal consumption for thermal power 59 generation in China raise to a very massive value of about 1.8 billion tons, which is 3.2 times 60 of that in 2000. Simultaneously, the coal consumption for thermal power generation is 2.7 61 times of that in the USA in 2015, which is reported to be 670 million tons 62 (https://www.eia.gov/totalenergy/data/browser/, last accessed on 20 December, 2018). 63
Due to the significant use of coal, thermal power generation is one of the dominant emission 64 contributors to anthropogenic air pollutants in China (Tie and Cao, 2010; Wang and Hao, 2012 ; 65 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1319 Manuscript under review for journal Atmos. Chem. Phys. Distinguished from the ever-increasing trend of thermal power electricity and associated coal 75 consumption, the increase trends of SO 2 and NOx emissions from thermal power generation 76 are curbed and even change to decrease (Liu et al., 2015) . This is caused by the famous 77 nation-wide project of utilizing emission control facilities during 2005 to 2015, such as 78 installing flue-gas desulfurization/denitrification systems and optimizing the generation fleet 79 mix (Liu et al., 2015; Huang et al., 2016) . Given the technological changes that have occurred 80 in the power sector, the air pollutant emissions from power generation have been significantly 81 reduced. However, the thermal power generation is still identified to be with massive air 82 pollutant emissions, involving 5.1 million tons of NOx, 4.0 million tons for SO 2 , and 0.8 83 millions tons of PM in 2015. Under high standards of ultra-low emission power units, the 84 staggering total amount of coal consumption becomes a vital challenge for emission control 85 from thermal power generation. consumption still increased, the emission of SO 2 started to decrease, suggesting that the 145 desulfurization played important roles in the emission reductions from thermal power 146 generation (Liu et al., 2016) . The decrease of NOx emission started to decrease in 2012, which 147 was 6 year later than the decrease in SO 2 emissions, suggesting that the denitrification played 148 important roles in the emission reduction from thermal power generation after 2012 (Hu et al., 149 2016) . Compared to the gas-phase emissions of SO 2 and NOx, the direct emission of particles 150 (PM 2.5 ) was relatively small (Liu et al., 2015) . The large portion of gas-phase emissions from 151 thermal power generation indicated that the most PM 2.5 emitted from the power plants might 152 be in the phase of secondary particles. 153
The above long-term variability of thermal power electricity and associated coal consumption 154 for power generation was based on the situation that the GLP was conducted in China, which 155 could produce a strong reduction for the coal burning emissions from thermal power 156 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1319 Manuscript under review for journal Atmos. Chem. Phys. and surface measurements of air pollutants. 168
Description of the WRF-CHEM model 169
We used a specific version of the WRF-CHEM model (Grell et al., 2005) In the present study, we simulated severe haze pollution from 1 to 31 December 2015 in the 181 NCP. The domain, centered at the point of (116° E, 38° N), was composed horizontally of 300 182 by 300 grid points spaced with a resolution of 6 km ( Fig. 3) and vertically with 35 sigma levels. 183
The physical parameterizations included the microphysics scheme (Hong and Lim 2006) , the 184
Mellor-Yamada-Janjic turbulent kinetic energy planetary boundary layer scheme (Janjić, 185 2002), the unified Noah land-surface model (Chen and Dudhia, 2001 ), the Goddard long wave 186 radiation parameterization (Chou and Suarez, 1999) , and the shortwave radiation 
where i denotes the provincial domain, and w is the nationwide domain. j is the pixel of VIIRS 212 NTL dataset. S is the area of pixel j. L is the NTL radiance. The annual VIIRS NTL dataset 213 contains cloud-free average of NTL radiance by excluding any data impacted by stray light, 214 and further screening out the fires and other ephemeral lights and background (non-lights). The 215 dataset is available at: https://ngdc.noaa.gov/eog/viirs/download_dnb_composites.html. 216
The distribution of VIIRS NTL radiance in 2015 ( Fig. S1 ) was similar as the DMSP/OLS DN 217 values (Fig. 1) . The high values of annual NTL radiance were concentrated in the densely 218 populated and industrial developed areas of China (Fig. S1a) , such as the NCP, the Yangtze 219
River Delta, and the Pearl River Delta. There were "hot spot" located in some megacities, such 220 as the Beijing, Tianjin, Shanghai, Guangzhou, where the NTL radiance can reach as high as 20 221 mW/m 2 /sr. Statistically, 12.8% of these China's land areas consumes 58.3% of lighting 222 electricity consumption. The high values of provincial dynamics also concentrated on these 223 regions, and all the provincial dynamics exceeding 5% were coastal cities ( NCP, in addition to the high usage of lighting, there is a large amount of power plants (Liu et 225 al., 2015) . We selected the NCP (Fig. 3) as the region of interest. In addition, there are 226 extensive measurement sites of pollutants in the domain (the green crosses in Fig. 3) . 227
Estimation of coal-saving induced by the GLP 228
According to the analysis for the Chinese GLP program (Guo and Pachauri, 2017) According to the classification above, we estimated the current equivalent luminous efficacy 242 (!"! !"# ) weighted by the proportion of their lighting electricity consumption. To investigate 243 the potential effectiveness of the GLP, we also calculated the equivalent luminous efficacy 244 without the implementation of the GLP (!"! !"!!"# ). 245
Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1319 Manuscript under review for journal Atmos. Chem. Phys. where k denotes the specified cluster of lighting lamps. ! ! is the proportion of lighting 248 electricity consumed by the k th cluster lamps; !" !,!"# and !" !,!"!!"# denote the equivalent 249 luminous efficacy of the k th cluster lamps with and without the improvement of lighting 250 efficacy induced by the GLP. The ELE is a comprehensive parameter to reflect the lighting 251 efficacy. In terms of current consumption levels of lighting electricity, the lighting coal 252 consumption for power generation is proportional to ELE. As a result, the potential coal-saving 253 induced by the GLP (!") can be estimated by: 254
where ! ! denotes the current coal consumption for thermal power generation. To get the 256 spatial distribution of potential provincial coal-savings (!" ! ), we spatially scaled the total 257 
where i denotes the province; !" ! reflects provincial dynamics of lighting coal consumption, 262 which was explained in Eq. 1. 263
To estimate the emission reduction induced by the GLP, we assumed that the potential 264 emission reduction was mainly due to the emissions from the thermal power plants. induced by the GLP was proportional to the associated potential coal-saving for the thermal 268 power generation. 269 Table 1 . 283
The estimated ELE values have uncertainties for both low and high efficient lamps, ranging 284 from 52.8 to 57.7 lm/W and from 96.2 to 120.9 lm/W for the ELE with or without the GLP, 285
respectively (see Table 1 ). In addition, the estimate of lighting electricity accounts for 10-14% 286 of the total electricity Lv and Lv, 2012) . As a result, the model sensitive 287 studies included low-limit and high-limit of electricity power savings. To account for all of the 288 uncertain ranges, in the lower limit model simulation, the thermal power was estimated to 289 increase 6.7%, without the GLP. In the higher limit model simulation, the thermal power was 290 estimated to increase 18.7%, without the GLP. Figure 4 shows that under lower and higher 291 limit assumptions, the potential coal-savings induced by the GLP were 120-323 million tons, 292
respectively. According to these estimates into the reference emission inventory (! !,!"#$ ), the 293 Table 2 also shows that the direct emission of PM 2.5 was much smaller than the direct 298 emission of SO 2 and NOx in gas-phase. The PM 2.5 concentrations included two different parts 299 from thermal power plants. One was from the direct emission of PM 2.5 in particle phase, and 300 the other was the secondary particle (PM 2.5 ), which was formed from the chemical 301 transformation from SO 2 and NOx. As a result, the large effect of the GLP on haze pollutions 302 was due to the changes in the emissions of SO 2 and NOx from the thermal power plants. The model results were evaluated by calculating the following statistical parameters, including 311 normalized mean bias (NMB), the index of agreement (IOA), and the correlation coefficient (r). 312
These parameters were used to assess the performance of REF case in simulations against 313 measurements. 314
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where ! ! and ! ! are the calculated and observed air pollutant concentrations respectively. N 318 is the total number of the predictions used for comparisons. ! and ! represent the average 319 predictions and observations, respectively. The IOA ranges from 0 to 1, with 1 showing perfect 320 agreement of the prediction with the observation. The r ranges from -1 to 1, with 1 implicating 321 perfect spatial consistency of observation and prediction. 322 the NMB of 4.3% for CO mass concentrations. Since the CO variability was mainly 332 determined by meteorological conditions, the similarity of the temporal variability suggested 333 that the meteorological conditions had important contribution to the several peak values of the 334 episode, and the model simulation well captured the meteorological conditions during the 335 study period. 336
Although there was a similarity of the temporal variability between PM 2.5 and CO, the 337 magnitude of the variability of CO was smaller than variability of PM 2.5 , suggesting that in 338 Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1319 Manuscript under review for journal Atmos. Chem. Phys. for producing the high peaks of PM 2.5 concentrations. It is important to simulate the measured 340 temporal variations of SO 2 and NOx, because they are important chemical precursors (Seinfeld 341 and Pandis, 1998; Laurent. et al., 2014), and are the major pollutants emitted from the thermal 342 power plants ( Table 2 ). As shown in Fig. 5 , both the measured and modeled SO 2 and NOx had 343 several episodes, which were corresponding to the episodes of the PM 2.5 . The parameters 344 between the measured and modeled results were acceptable, with the IOA of 0.83 and the NMB 345 of 1.3% for SO 2 , and IOA of 0.93 and the NMB of 6.1% for NOx. It is interesting to note that 346 the occurrences of the peak of SO 2 and NOx are about 1-2 days ahead of the peak of PM 2.5 . 347
One of the explanations was that there was chemical conversion from gas-phase of SO 2 and 348
NOx to particle phase of PM 2.5 , resulting in the time lag between the peaks of SO 2 -NOx and 349 According to the lower and upper limits of emission reductions induced by the GLP, we 385 evaluated their resultant effects on air pollutants (PM 2.5 , NO 2 , and SO 2 ), which are estimated 386 by the difference of the SEN-GLP cases and the REF case (Fig. 8) . The result shows that the 387 GLP has important effects on PM 2.5 concentrations (see Figs 8a and 8b) , implicating the 388 remarkable benefit to haze pollution in the NCP. In the lower limit case, the PM 2.5 389 concentrations could be decreased by 2-5 µg m -3 in large areas within the NCP, such as the 390 southeastern Hebei, northeastern Henan, and western Shandong (Fig. 8a) . In the upper limit 391 case, there is much more remarkable decrease in PM 2.5 concentrations (4-10 µg m -3 ) in wider 392 areas within the NCP (Fig. 8b) . We can also find large-scale reductions of NO 2 and SO 2 in the 393 NCP (Fig. 8c-f) . For example, in high limit case, the reduction of NO 2 ranges from 1-8 µg m -3 , 394 and the reduction of SO 2 ranges from 1-4 µg m -3 . We also display the species variations (PM 2.5 , 395 NO 2 , and SO 2 ) in Fig. S2 within the areas with high PM 2.5 changes induced by the GLP (see 396 red-square in Fig. 8) . 397
Although the influence of the GLP is to decrease PM 2.5 concentrations, there were some slight 398 increase in PM 2.5 concentrations in north of NCP. As indicated in Table 2 , the directly 399 emission of PM 2.5 was less than the gas-phase emissions of NOx and SO 2 , which suggested that 400 the decrease of PM 2.5 by applying the GLP was mainly due to the chemical conversions from The total emission reductions are also shown in the rectangle. 665 
